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The indeterminate gametophyte1 Gene of Maize Encodes
a LOB Domain Protein Required for Embryo Sac and
Leaf Development™

Matthew M.S. Evans’
Department of Plant Biology, Carnegie Institution of Washington, Stanford, California 94305

Angiosperm embryo sac development begins with a phase of free nuclear division followed by cellularization and dif-
ferentiation of cell types. The indeterminate gametophyte1 (ig1) gene of maize (Zea mays) restricts the proliferative phase of
female gametophyte development. ig7 mutant female gametophytes have a prolonged phase of free nuclear divisions
leading to a variety of embryo sac abnormalities, including extra egg cells, extra polar nuclei, and extra synergids. Positional
cloning of ig1 was performed based on the genome sequence of the orthologous region in rice. ig7 encodes a LATERAL
ORGAN BOUNDARIES domain protein with high similarity to ASYMMETRIC LEAVES2 of Arabidopsis thaliana. A second
mutant allele of ig7 was identified in a noncomplementation screen using active Mutator transposable element lines.
Homozygous ig7 mutants have abnormal leaf morphology as well as abnormal embryo sac development. Affected leaves
have disrupted abaxial-adaxial polarity and fail to repress the expression of meristem-specific knotted-like homeobox
(knox) genes in leaf primordia, causing a proliferative, stem cell identity to persist in these cells. Despite the superficial

similarity of ig7-O leaves and embryo sacs, ectopic knox gene expression cannot be detected in ig7-O embryo sacs.

INTRODUCTION

The plant life cycle has genetically active diploid and haploid
phases, called the sporophyte and gametophyte, respectively.
In green algae, such as Ulva lactuca, the two phases of the life
cycle are morphologically similar. During land plant evolution, the
extent of the gametophyte phase has become reduced. In
primitive land plants, such as the bryophyte Physcomitrella
patens, the gametophyte is the dominant phase of the life cycle
and contains a leafy-shoot phase called the gametophore with at
least superficial similarity to the vegetative shoots of seed plants,
whereas the sporophyte is greatly reduced and dependent on
the gametophyte (Cove and Knight, 1993). In seedless vascular
plants such as ferns, the sporophyte is dominant and grows as a
leafy shoot, whereas the gametophyte is free-living but greatly
reduced and lacking a leafy-shoot phase (Banks, 1999). The game-
tophytes are smallest in angiosperms, consisting of only a few cells
dependent on the sporophyte for growth and development.

The female gametophyte, or embryo sac, undergoes a ste-
reotypical number of divisions to produce an eight-nuclei syn-
cytium. The migration and position of these nuclei are highly
regular. The embryo sac then cellularizes to produce four cell
types: synergids, antipodals, an egg cell, and a homodiploid
central cell (Drews and Yadegari, 2002). In wild-type maize (Zea
mays), the antipodal cells are the only embryo sac cells that
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proliferate after cellularization. In Arabidopsis thaliana, there is no
proliferation after cellularization of the embryo sac, as the antip-
odals degenerate during maturation (Murgia et al., 1993).

Recently, many mutations have been identified that act ge-
netically during the haploid phase in angiosperms (Ebel et al.,
2004; Johnson et al., 2004; Pagnussat et al., 2005). indetermi-
nate gametophyte1 (ig1) in maize is unique among mutants that
act in the haploid gametophytes; mutants are viable and have an
increased number of nuclei before cellularization of the embryo
sac (Huang and Sheridan, 1996; Ebel et al., 2004). retinoblastoma-
related1 (rbr1) in Arabidopsis is the only other mutant reported with
extra rounds of free nuclear divisions, but unlike ig1, it also affects
the male gametophyte, and rbr1 embryo sacs do not produce
viable progeny.

In ig17 mutant embryo sacs, the proliferative phase is pro-
longed, suggesting that wild-type ig7 function promotes the
switch from proliferation to differentiation in the embryo sac (Lin,
1978, 1981; Huang and Sheridan, 1996). Consequently, mutant
ig1 embryo sacs contain extra egg cells, extra central cells, and
extra polar nuclei within central cells (Figure 1). The phenotypes
of ig7 mutant embryo sacs suggest a position-based determi-
nation of cellular identity (Lin, 1978, 1981; Guo et al., 2004). The
ability of the extra cells and nuclei to function as egg cells or
polar nuclei, for example, appears to depend on their position in
the embryo sac. Because of their abnormal structure, many of
these defective embryo sacs give rise to abnormal seeds, which
allowed the identification of the ig7-O reference allele (Figure 1B).
These abnormalities include polyembryony, heterofertilization,
miniature endosperms, and early abortion of seeds (Kermicle,
1971). Maize endosperm development is very sensitive to a
deviation from the normal 2 maternal:1 paternal genome ratio in
the endosperm. Consequently, when an embryo sac with three
polar nuclei is fertilized by a standard haploid pollen grain, the
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Figure 1. Phenotypes of ig7 Mutants.

(A) Ear from a W64A wild-type plant.

(B) Ear from an ig7-O/ig1-O W64A mutant plant.

(C) Ear from an ig7-mum/ig1-mum W64A plant.

(D) Fertile wild-type tassel with anthers extruded.

(E) Sterile ig1/ig1 mutant tassel without extruded anthers.
(F) Wild-type embryo sac.

(G) ig1 embryo sac.

ig1 Encodes a LOB Domain Protein 47

Asterisks indicate degenerated synergids. Arrowheads point to polar nuclei. a, antipodal cells; ak, aborted kernel; cc, central cell; e, egg cell; mn,

miniature kernel; n, nucellus. Bars = 25 pm.

resulting endosperm is miniature, and when an embryo sac with
four or more polar nuclei is fertilized by a haploid pollen grain, the
resulting endosperm aborts early in development and collapses
(Lin, 1984). This leads to abnormal endosperm development
when embryo sacs with extra polar nuclei are fertilized.

Because ig7 embryo sacs are frequently viable, homozygous
lines can be established to examine the role of ig7 in sporophyte
development. Homozygous mutants for ig7-O reportedly have
normal vegetative morphology but in some genetic backgrounds
have sporophytic male sterility, even though there is no game-
tophytic affect on pollen, either failing to shed pollen or extrude
anthers (Kermicle, 1994).

Additionally, ig7 restricts the embryogenic potential of cells
that lack one of the two parental genomes, so that mutant embryo
sacs produce haploid progeny, of both maternal and paternal
origin, at a higher rate than wild-type embryos (Kermicle, 1969).
Paternal haploid production has been used in maize breeding to
transfer germplasm from one variety of maize to the cytoplasm
of another variety (e.g., a male sterility conditioning cytoplasm)
(Kindiger and Hamann, 1993). The ability to produce embryos
without a paternal genetic contribution bears some resemblance

to apomixis, the production of seeds that are clones of the mother
plant (Grimanelli et al., 2001); understanding ig7 may provide
further insight into the development of apomictic plants.

Comparisons of genetic maps and DNA sequences demon-
strate a significant conservation of gene order between maize
and rice (Moore et al., 1995). ig7 was cloned by taking advantage
of the conserved gene order between maize and rice in the ig7
region. This report describes the cloning of the indeterminate
gametophyte1 gene and the phenotype of ig7-O and a second
mutant allele, ig7-mum, which affect leaf development as well as
embryo sac development. The phenotype of ig7 plants suggests
that common mechanisms control the switch from proliferation
to differentiation in both the gametophyte and sporophyte of
angiosperms.

RESULTS

The Phenotype of ig1-0 Is Affected by Genetic Background

The ig7-O mutation was backcrossed three to five times to
different inbred lines and then pollinated to test the effect of
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genetic background on the frequency of mutant phenotypes
(Table 1). The A158 inbred line was the most severe, with the
highest degree of prefertilization failure of ig7 mutant embryo
sacs and the lowest frequency of normal seeds. The W23 inbred
line in which ig7-O was first identified had the highest frequency
of seeds arising from embryo sacs with extra polar nuclei
(miniature and aborted seeds), and W64A gave the next highest
frequency for these classes along with A158. Interestingly,
although Mo17 was a moderate background with regard to
most phenotypic classes, it produced the highest percentage of
kernels with more than one embryo (i.e., embryo sacs with more
than one egg cell). B73 and W22 suppressed the ig7-O seed
phenotypes the most. Interestingly, the presence of the homo-
zygous male-sterile phenotype did not correlate with the severity
of ig1 seed phenotypes, suggesting that different loci modify the
sporophytic and gametophytic phenotypes of ig17.

Identifying a Second Allele of ig1

A noncomplementation screen for the male-sterile phenotype of
ig1-O (Figure 1) was used to identify a second mutant allele,
ig1-mum, from an active Mutator (Mu) transposable element line.
An active Mu line was established in the inbred W64A, because
ig7-O homozygotes are male-sterile as W64A inbreds and
W64A/W23 hybrids. Crosses were made between ig7-0/ig1-O
W23 females and Mu W64A males. Rare male-steriles from an F1
population of 60,000 individuals were crossed as females with
standard W64A inbred plants. The progeny of the selections
were tested for ig7 mutant phenotypes. Specifically, these plants
were tested for seed phenotypes similar to those of ig7-0 (i.e.,
miniature seeds, twins, and aborted seeds) and retested for their
failure to complement the male-sterile phenotype of ig7-O. By
these criteria, one of these selections was shown to carry a new
mutant allele of ig7, named ig7-mum. In addition to causing a
male-sterile phenotype in transheterozygotes with ig7-O or as
homozygotes, ig7-mum causes the same abnormal seed types
as ig71-0, suggesting that the same embryo sac defects are
present in ig7-mum mutants as in ig7-O. Most of the mutant

classes occur at a lower frequency in ig7-mum than in ig7-0O,
suggesting that ig7-mum is a weaker allele in the embryo sac
(Figure 1, Table 1).

Fine Mapping and Cloning of ig1

Fine mapping ofig7 was initiated in a population segregatingig7-O
from a cross between ig7-0"23/+Me17 females and +/+Mo17
males. Fine mapping of ig7 against available simple sequence
repeat markers placed ig7 between umc1311 and umc1973
on chromosome 3 of maize. The rice orthologs of the mark-
ers around ig7 were identified by BLAST search for each
sequence against the rice genome using the Gramene data-
base for comparative grass genomics (www.gramene.org) (Ware
et al., 2002). The orthologs of umc1311 and umc1973 on rice
chromosome 1 are ~845 kb apart (Figure 2). By generating
mapping populations among multiple inbred lines (between
ig7-0O in a W23 inbred background and wild-type Mo17, W64A,
A158, or M14), polymorphisms were found with the umc1539
simple sequence repeat marker that further reduced this interval
in the rice map to 378 kb covered by three rice BAC clones.

The Gramene database, in which cDNA and genomic clones of
many grasses, including maize, are aligned with their predicted
rice orthologs, was used to develop more maize mapping
markers. Maize ESTs and methyl-filtered library clones that
were orthologs of the rice genes in this interval were used to
design PCR primers to generate additional mapping markers.
These markers reduced the interval carrying the potential rice
ortholog of ig7 to a 65-kb region containing 12 annotated genes.

A Mu insertion in the ig7-mum allele in a maize gene orthol-
ogous to the rice gene Os071g66590, a gene within the 65-kb
interval of the rice genome described above, was identified by
PCR amplification using a primer for the Mu terminal inverted
repeat and a gene-specific primer. Additionally, a small popula-
tion of 24 individuals segregating for the ig7-mum allele was used
to test for a cosegregating Mu band using a modified amplifica-
tion of insertion mutagenized sites protocol (Frey et al., 1998).
One band that cosegregated with ig7-mum contained a Mu

Table 1. Phenotypic Severity of ig7-O and ig7-mum

Normal Endosperm

Miniature Endosperm

Absent or Aborted/ Ovules
One Two or More Abnormal One Two or More Collapsed without Homozygous
Embryo Embryos Embryo Embryo Embryos Endosperm Seeds Phenotype
ig1-0
A158 (656) 24 3 1 13 1 12 46 Male-fertile
W23 (845) 34 2 3 9 0 25 27 Male-sterile
W64A (793) 46 6 2 7 1 18 20 Male-sterile
Mo17 (948) 53 11 2 6 2 11 15 Male-sterile
B73 (792) 62 1 2 1 0 7 27 ND
W22 (989) 72 0 0 2 1 2 24 Male-fertile
ig1-mum
Mo17 (775) 70 4 3 3 2 3 15 Variable male sterility

Values shown are percentages of mutant ovules. Values shown in boldface represent normal seeds. Numbers in parentheses indicate total ovules
(with and without seeds) examined. Inbred lines are ordered from the most to the least severe based on lowest to highest frequency of normal seed
production (i.e., highest to lowest penetrance of combined ovule failure and seed defects). ND, not determined.




Maize BAC contigs

AY106230 AI770873 bnl5.37

AY11129p uaz2604 umc1539

g1

umc1973|

Maize
Chromosome 3

Rice
Chromosome 1

Rice BACs

3407.03

Figure 2. Comparative Mapping between Rice and Maize around ig71.
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BAC clones and maize BAC contigs are stippled. Arrows indicate the physical distance between markers on rice chromosome 1. Vertical lines show the
positions of the closest sequence matches in the rice genome for maize clones in the ig7 region. Maize markers shown above the maize BACs had been
placed on the BAC clones but not on the genetic map. Underlines indicate PCR-based markers designed using rice genome information.

insertion in the assembled Zea mays contig, AZM4_49905,
orthologous to Os07g66590 that was used to design primers
for the directed Mu search described above. This gene encodes
a member of the LATERAL ORGAN BOUNDARIES (LOB) protein
family, a plant-specific gene family with 43 members in Arabi-
dopsis (lwakawa et al., 2002; Shuai et al., 2002).

Both ig7-mum and ig7-O were compared along with their
progenitors by DNA gel blot hybridization of a probe for the LOB
domain of the ig7 gene (probe 2-4 in Figure 3) with the DNA of
heterozygous mutant and homozygous wild-type plants (data
not shown). Both alleles have a novel band not present in their
progenitors. The ig7-mum allele contains a Mu8 insertion within
the first intron, 86 nucleotides upstream of the start codon, and
the ig7-0 allele contains a Hopscotch retrotransposon insertion
within codon 120 of ig1, 14 residues before the end of the LOB
domain (Figure 3). Hopscotch is one of a group of low-copy
retrotransposons that are more commonly inserted into genes
than the high-copy retroelements that make up the bulk of the
maize genome(White et al., 1994). The ig7 gene contains four
exons that constitute an mMRNA 1264 bases in length (Figure 3).
The structures of ig1, Oryza sativa ig1 (Osig1), and the closest
maize homolog to ig1, ig1/as2-like1 (ial1), are very similar, with
three introns in the same positions.

To test the effect of both ig7-O and ig7-mum on ig7 mRNA
levels, RT-PCR was performed on whole ear primordia of ho-
mozygous ig7-O and ig7-mum and the wild type (Figure 3).
Primers flanking the insertion in either ig7-mum or ig7-O were
used for the RT-PCR experiments. Both ig7-mum and ig7-O
cause a significant decrease in the levels of normal ig7 mRNA, as

measured by amplification around the first intron and the
ig7-mum Mu8 insertion site. There is a 10-fold decrease in the
amount of ig7 message in ig7-O and in ig7-mum, as measured
by quantitative real-time PCR around intron 1. In the ig7-mum
samples, melting curve and gel analyses demonstrate that
most of this PCR product is of abnormal size. Quantitative RT-
PCR downstream of the ig7-mum insertion site using primers
flanking intron 2 and the ig7-O Hopscotch insertion site detects a
twofold reduction in ig7 RNA in ig7-mum and a 100-fold reduc-
tion in ig7-0.

Presumabily, the discrepancy between the findings for the two
pairs of primers in ig7-mum results from the presence of many
mRNAs in ig7-mum ears that have 5’ untranslated regions that
are too long to amplify under the conditions used. Sequencing of
the RT-PCR products from ig7-mum ears obtained with longer
extension times revealed that mutant transcripts retained a
variable amount of both the first intron and the Mu8 element.
This alteration in the 5’ untranslated region could have affects on
the translation efficiency of these messages, even though the
abundance of ig7 message 3’ of the Mu insertion is only mildly
affected.

ig1 Encodes a LOB Domain Protein Similar to AS2

The LOB domain protein encoded by ig7 has high similarity to
that of ASYMMETRIC LEAVES2 (AS2) of Arabidopsis (Figure 4).
An alignment was made between the proteins encoded by ig1, its
nearest maize homologs, the entire families of LOB DOMAIN/
AS2-LIKE (LBD/ASL) genes of rice (36 genes) and Arabidopsis
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Figure 3. ig7 Gene Structure and Mutations.

(A) Structures of the ig7 gene and its rice ortholog. Positions of the Mu insertion in ig7-mum and the Hopscotch insertion in ig7-O are indicated. The LOB
domain is indicated by dark gray. The first exon contains most of the 5’ untranslated region (UTR); the second exon contains the LOB domain; the third
exon contains the C-terminal domain; and the fourth exon contains most of the 3’ untranslated region. The third intron is 1.6 kb in length and extends
beyond the end of AZM4_49905. The last exon is part of a separate AZM contig, AZM4_116957.

(B) Effect of ig7 mutations on ig7 RNA levels. RT-PCR was performed on RNA from whole ear primordia ~5 cm in length using primers for both ig1
around the first intron and for ubiquitin (ubi). Lane 1, wild type; lane 2, ig7-mum homozygote; lane 3, ig7-O homozygote. Homozygous mutants were
identified on the basis of male sterility.

(C) Relative ig7 message levels in ig7-O and ig7-mum ear primordia normalized to ubi. The left graph shows PCR results using primers around the first
intron of ig7 (around the insertion in ig7-mum and upstream of the insertion in ig7-O), and the right graph shows PCR results using primers around the
second intron of ig7 (downstream of the insertion in ig7-mum and around the insertion in ig7-O). Error bars indicate SE. Five replicate assays were

performed for each pair of PCR primers per sample.

(43 genes), and available LBD genes most similar to AS2 from
other plants (Iwakawa et al., 2002; Shuai et al., 2002). Figure 4
shows the portion of this tree encompassing AS2, its five closest
homologs in Arabidopsis (LBD36/ASL1, LBD10/ASL2, LBD25/
ASL3, LOB/ASL4, and LBD21/ASL12), and ial genes from other
species. This subclade includes the ramosa2 (ra2) gene of maize,
Sbra2 of Sorghum bicolor, and Osra2 of rice, which are most
closely related to LOB/ASL4 of Arabidopsis (Bortiri et al., 2006).
ig1 is one of four genes, along with ial1, ial2, and ial3, in maize
whose proteins align most closely with that of AS2, suggesting
substantial redundancy for AS2 function in maize. There are two
rice genes in this clade for the four maize genes (Os LOB2 and Os
LOB3 [Bortiri et al., 2006], named here Os ig1 [Os01g66590] and
Os ial1 [0s05g34450] to reflect their inclusion in the ig1/AS2
subclade of LOB genes), as one would expect based on com-
parative mapping of grasses and the allotetraploid origin of
maize (Gaut and Doebley, 1997). To date, the AS2 subgroup
includes genes from several grasses, including maize, rice, and
sorghum (as well as partial sequences of genes from Hordeum
vulgare, Triticum aestivum, and Saccharum officinarum; data not
shown), one dicot in Arabidopsis, and one gymnosperm in Pinus
taeda.

The members of this clade are distinct from the other LOB
domain genes in possessing a SKY motif (often SKYQ) immedi-
ately after the LOB domain that is not present in other LOB
domain genes in either Arabidopsis or rice, even the ASL1, -2, -3,
and -4 proteins (Figure 4). These residues immediately follow the
last Leu of the predicted Leu zipper coiled-coil domain of the

LOB domain. Additionally, the Tyr and Gin residues of the SKYQ
motif occupy the g and a positions, respectively, in the Leu zipper
after this last Leu. The a, e, and g positions in the helix of Leu
zippers determine the specificity of dimerization between Leu
zippers (Acharya et al., 2002; Deppmann et al., 2004). Addition-
ally, the presence of a positively charged amino acid in the a
position of one of the heptads—Lys inig1, ial1, Sbig1, Osig1, and
AS2 and Arg in ial2, ial3, and Osiall—suggests that these
proteins do not homodimerize. This conserved structure sug-
gests that the LOB domain proteins in this clade interact with a
conserved partner. The IAL proteins from grass species are
distinct from AS2 in Arabidopsis in having a longer Ser-rich
N-terminal leader upstream of the LOB domain and an Ala-rich
sequence downstream of the SKY motif. Whether these are
peculiarities of grasses/monocots or are found in other plant LOB
proteins cannot be determined until these genes are cloned
from more species. Within the LOB domain, IG1 and AS2 are
84% identical; however, the C-terminal domain is not conserved,
with only 17% identity between IG1 and AS2. Interestingly, the
divergent portion of the protein is in a separate exon from the
conserved portion—the LOB domain plus the SKYQ motif—in
ig1 and all grass IAL genes for which there are genome sequence
data. There is also one gene in the rice genome, 0s02g21390,
that lacks a LOB domain but whose C-terminal half is 60%
identical to the C-terminal domain of ig7 and 76% identical to
that of Osig7. Based on the protein alignments, there is redun-
dancy of AS2 gene function in both rice and maize not present in
Arabidopsis. However, there are also genes in Arabidopsis that
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Figure 4. The ig7 Gene Family.



52 The Plant Cell

e
n
w
N~
[6)]
[¢2]

ig1

ial1

ial2

ial3

ubiquitin

Figure 5. Expression of ig7 and ial Genes in Various Tissues.
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RT-PCR was performed on total RNA using ubi primers or ig1 or ial primers. Note the larger ig1 transcript seen after 40 cycles in ig7-mum mutant leaves
(lane 13). Lane 1, fully expanded leaf; lane 2, immature leaf; lane 3, husk leaf; lane 4, root; lane 5, silk; lane 6, endosperm at 9 d after pollination; lane 7,
mature pollen; lane 8, 1-cm-long ear primordium; lane 9, 5-cm-long ear primordium; lane 10, 2-cm-long tassel primordium; lane 11, ovule; lane 12,
ligular region of wild-type seedling leaf; lane 13, ligular region of ig7-mum flag leaf.

have no clear ortholog in maize or rice, such as LBD10/ASL2 and
LBD25/ASL3. Assignment of functional redundancy and orthol-
ogy, therefore, are tentative without more detailed expression or
mutant analysis of these genes.

Expression of ig7 and Closely Related Genes

ig1 and the ial genes are broadly expressed in a variety of tissues
in wild-type plants (Figure 5). ig1 transcript can be detected by
RT-PCR in leaves, leaf primordia, immature ears (before and
during floret development), immature tassels, whole ovules, silk,
and husk leaves. ig7 has lower expression in endosperm and
much lower expression in roots and mature pollen grains. ial7 is
expressed in many of the same tissues but generally at lower
levels thanig1. ial2, unlike ig7 andial1, has its highest expression
in pollen and has very low expression elsewhere. ial2 RNA levels
are too low to be detected in mature leaves, roots, silk, endo-

sperm, or ovules, but it has detectable expression in developing
leaves, husks, ears, and tassel primordia. ial3 is more broadly
expressed at higher levels overall than ial2. Unlike ial2, ial3 is
expressed in ovules and endosperm but is not expressed in
young ear primordia. The low expression of ig7 in pollen grains is
consistent with the absence of an effect of ig7 mutations on the
male gametophyte. ial2 may perform a similar function in the
male gametophyte to that of ig7 in the female gametophyte.

To gain a better understanding of the expression pattern of ig7
in flowers, in situ hybridization was performed on sections of
female flowers from the ear. A probe for the last 33 codons and
the 3’ untranslated region was used to reduce the amount of
cross-hybridization to ial7. Flowers at several stages were ex-
amined to detect ig7 in embryo sacs and floral organs. ig17 is
expressed in the adaxial domain of all organs examined (Figure
6). ig7 mRNA is found on the adaxial side of lemmas and paleas
(sepals), glumes (bracts), and silk (fused carpels) surrounding the

Figure 4. (continued).

(A) Relationship of IG1 with other closely related LOB domain proteins. Only the portion of the LOB domain protein family including AS2 and its five most
closely related homologs from Arabidopsis is shown. Of the rice and maize genes and the full-length LOB domain genes from a few other species, only
those that fall into this same LOB domain subfamily are included. The number above each branch corresponds to the posterior probability for that node.
(B) Alignment of proteins within the IG1/AS2 subgroup. Residues identical to IG1 are highlighted. The LOB domain is indicated by a black line over the
residues, and the SKY motif is boxed. The translation start of the P. taeda gene is unknown. Zm, Zea mays; Sb, Sorghum bicolor; Os, Oryza sativa; At,

Arabidopsis thaliana; Pt, Pinus taeda; Cs, Citrus sinensis.
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Figure 6. Expression of ig7 in Floral Organs.

(A) Diagram of a maize female spikelet with a fully developed upper floret and an arrested lower floret (yellow). In a median section, the lemma and palea
(the first-whorl organs), one of the arrested stamens, and the silk (gynoecium) with a single ovule can be seen. The area in box 1 is shown in (B), (C), and
(D). The area in box 2 is shown in (E). The area in box 3 is shown in (F) and (G). The area in box 4 is shown in Figures 7A to 7C. The area in box 5 is shown

in Figures 7D to 7H.
(B) and (D) Median longitudinal sections of wild-type ovules.

(C) Longitudinal section through the margin of a wild-type ovule. ig7 is expressed in the adaxial epidermis at the base of the carpels that make up the silk

as well as at the boundary between the integuments and the nucellus.
(E) The lower floret and the palea of the upper floret.
(F) and (G) The lemma of the upper floret and the inner glume (bract).

Probes were as follows: (B), (C), (E), and (F), ig7 antisense probe; (D) and (G), ig7 sense probe. Arrowheads point to adaxial expression of ig7 in floral
organs and bracts. Arrows point to embryo sacs. g, glume; i, integument; |, lemma; n, nucellus; p, palea; si, silk; st, stamen. Bar = 100 pum.

single ovule. The expression of ig7 in the adaxial walls of the
carpels that make up the silk forms a ring on the inner wall of
the ovary surrounding the ovule. This expression is stronger in
the lateral regions of the ovary wall than in the medial domain
(Figure 6C). Additionally, ig7 is expressed at the boundary
between the integuments and the nucellus of the ovule (Figures
6B and 6C). The expression on the adaxial side of floral organs
becomes restricted to the basal portion of this domain and
eventually fades, becoming more difficult to detect as the flowers
age. This decrease in ig7 message is evident in the difference
between the adaxial sides of the paleas of the upper and lower

florets, because the lower floret is arrested at an earlier stage of
development than the upper floret (Figure 6E).

In embryo sacs, ig7 message is detectable as early as the one-
nucleus stage (Figure 7A) but is not detectable in the nonfunc-
tional megaspores. In older embryo sacs, ig7 message is highest
in antipodal cells (Figure 7D). In older embryo sacs, the back-
ground staining becomes more intense even with a sense probe
forig1 (Figure 7H). Consequently, itis difficult to determine whether
ig1 expression continues at these later stages. In particular, it is
difficult to determine whether ig1 expression decreases as embryo
sacs age, as it does in lateral organs. Expression in most of the
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Figure 7. Expression of ig7 in Embryo Sacs.

(A) to (C) Ovules with stage 1 (one-nucleus) embryo sacs.
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(A) and (C) Wild-type stage 1 embryo sacs (arrowheads). The ig7 antisense probe detects message in stage 1 embryo sacs.
(B) Nonfunctional megaspore (arrowhead) lacking ig7 expression from the same ovule as the embryo sac in (A).
(D) to (H) Ovules with immature cellularized embryo sacs. Arrowheads point to chalazal nuclei and cells of embryo sacs, and arrows point to micropylar

nuclei and cells of embryo sacs.

Probes were as follows: (A), (B), (D), (E), and (F), ig7 antisense probe; (C), (G), and (H), ig7 sense probe. Signal with the ig7 antisense probe is higher
than that with the sense probe control in the antipodal cells. In the cells at the micropylar end of the embryo sac, the signal is more variable and the
background staining with the sense probe is higher, making it difficult to determine whether there is any ig7 signal. a, antipodal cell; e, egg; ov, ovary
wall; p, polar nucleus; s, synergid. Bar = 25 um for (A) to (C) and 50 pum for (D) to (H).

micropylar cells is frequently not above background. However, ig1
appears to be expressed in the developing egg cell, and staining
around the polar nuclei is also detected occasionally. ig7 expres-
sion is not detected in the developing synergids, however. There-
fore, ig1 may have asymmetric expression within the embryo sac,
as it does in lateral organs.

ig1 Controls Leaf Development

The AS2 gene has been shown to repress the expression of the
knotted1-like homeobox (knox) genes KNAT1/BREVIPEDICEL-
LUST (BP1),KNAT2,and KNATE in leaf primordia (Ori et al., 2000;
Semiarti et al., 2001). During vegetative development, the initi-
ation of lateral organ primordia from an undifferentiated stem cell
population is associated with the downregulation of knox genes
(Jackson et al., 1994; Long et al., 1996). knox genes are normally
expressed in the shoot apical meristem and excluded from leaf
primordia. In maize leaves with ectopic knox gene expression,
differentiation fails to progress properly and regions of the leaf
overproliferate, producing outgrowths and abnormal boundaries
between leaf domains (Muehlbauer et al., 1997). In severe cases
of knox misexpression, leaf cells revert to a stem cell identity and
shoot apical meristems develop on the adaxial surfaces of leaves
(Sinha et al., 1993).

In Arabidopsis, knox genes are ectopically expressed in leaf
primordia in as2 mutants (Ori et al., 2000; Semiarti et al., 2001;

Iwakawa et al., 2002). Ectopic knox gene expression in leaf
primordia is also caused by mutations in rough sheath2 (rs2) in
maize and AS7 in Arabidopsis, which have been shown to be
functionally orthologous, myb domain-containing ARP (for AS1
RS2 Phantastica) genes (Schneeberger et al., 1998; Timmermans
et al., 1999; Tsiantis et al., 1999; Byrne et al., 2000; Ori et al.,
2000; Semiarti et al., 2001; Iwakawa et al., 2002; Theodoris et al.,
2003). No effect of a mutation in a maize LOB domain gene on leaf
development has been reported previously.

To analyze the effects of ig7-mum on sporophyte develop-
ment, ig7-mum heterozygotes were self-pollinated after having
been backcrossed three generations to inactive Mu W64A and
one generation to inactive Mu Mo17 inbreds. Interestingly, plants
with abnormal morphology of the flag leaf (the last vegetative
leaf) were segregating in families segregating ig 7-mum (Figure 8).
The plants in these families were tested for the ig 7-mum mutation
by PCR. All of the plants with leaf abnormalities were ig7-mum
homozygotes (19 of 19). However, not all ig7-mum homozygotes
had abnormal flag leaves (i.e., the phenotype was not completely
penetrant). In the W64A/Mo17 hybrid background examined,
only 19 of 28 homozygotes had abnormal leaf morphology. The
incomplete penetrance may reflect a segregation of modifiers
that were introduced from either the W64A or Mo17 inbred.
Because of this phenotype in ig7-mum homozygotes, ig7-O
homozygotes in a W64A inbred background were examined for
leaf defects and discovered to have a similar flag leaf phenotype



ig1 Encodes a LOB Domain Protein 55

H kn1 rs1 g3 Ig4a/b knox3 knox10
cycles 1 2 3 4 5 6 2 3456 12 3 4586 12 3 456 12 3 456 12 3 45 86

34_==__=

knox8 knox6
3456 12 3456 123456

28-==
it il il

Figure 8. Phenotype of the Flag Leaf (Last Vegetative Leaf) in ig7/ig7 Homozygotes.

(A) and (C) Wild type.

(B), (D), (F), and (G) ig7-mum/ig1-mum.

(E) ig1-O/ig1-O W23.

(A) and (B) Adaxial side of the middle of the leaf blade.

(C) to (E) Adaxial ligular region. The arrow points to the leaf flap along the midrib. Arrowheads point to the ligular region.

The leaf in (B) shows the most common phenotype in ig7-mum plants. The leaf in (D) shows the most severe ig7-mum leaf phenotype. The leaf in (E)
shows the most common ig7-O flag leaf phenotype in a W23 inbred background, with leaf flaps on the sheath and mild ligule distortion.

(F) Close-up of leaf flaps on the adaxial surface of an ig7-mum leaf. Note that there are epidermal hairs on the outer epidermis of the flaps but not the
inner surfaces of the flaps. The edges of the flaps also have hairs, like normal leaf margins.
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as that of ig7-mum. ig1-O W64A homozygotes have leaf flaps on
the adaxial side of the midrib of the leaf blade, a phenotype not
previously reported in homozygous ig7-O lines in other inbred
backgrounds. Additionally, closer examination of ig7-O homo-
zygotes in the original W23 inbred line revealed that most but not
all homozygotes (10 of 14) had flag leaves with leaf flaps on the
adaxial side of the leaf sheath but not the leaf blade, with
occasional disruption of the ligular region (Figure 8E).

Although incompletely penetrant, the most common leaf phe-
notype of ig7 mutants is ectopic outgrowths of leaf lamina on the
adaxial side of the midrib. The dominant maize mutant Lax
midrib1-O (Lxm1-0) has similar flaps of tissue on either side of
the midrib (Schichnes et al., 1997; Schichnes and Freeling,
1998). In contrast with ig7, the flaps in Lxm1-O are on the abaxial
side of the leaf and have adaxial tissue between them, the
opposite polarity of that in ig7. Some ig7-mum mutants have
distortions of the ligular region at the boundary between the
proximal leaf sheath and the distal leaf blade, a phenotype that
more closely resembles that of rs2 mutants, although these
distortions are often associated with leaf flaps on the adaxial
sheath (Figure 8). The leaf defects also include rare knots of
sheath tissue in the leaf blade (Figure 8G).

To test whether these leaf phenotypes are associated with
ectopic knox gene expression, RT-PCR was performed on RNA
extracted from the ligular region of ig7-mum mutant leaves with
abnormal leaf morphology as well as rs2 mutant leaves and wild-
type ear primordia as positive controls (Figure 8H). The effect of
ig1-mum was tested on all class | knox genes, knotted1 (kn1),
roughsheath1 (rs1), liguleless3 (Ig3), Ig4a/b, knox3, knox8,
knox10, and gnarley1 (gn1), as well as on a class Il knox gene,
knox6. Ectopic expression of kn1, rs1, Ig3, Ig4a/b, gn1, and
knox3 was detected in ig7-mum and rs2 leaves; knox6, knox10,
and possibly knox8 were unaffected by ig7-mum. No ectopic
knox gene expression was detected in ig7-mum seedling leaves,
which are normal in appearance (data not shown). These results
demonstrate that ig7-mum affects many but not all class | knox
genes and expand the number of knox genes known to be
affected by rs2 to include /g4 and knox3. Additionally, they show
that not all class | knox genes are repressed in leaf primordia;
knox10 has equivalent levels of expression in wild-type leaf and
ear primordia, and knox8 nearly so.

ig7-mum mutant leaves also have defects in abaxial-adaxial
polarity. The leaf flaps along the midrib are usually found in pairs
and have hairs and sclerenchymal cells on their margins typical
of normal leaf margins (Figures 8 and 9). The epidermis of these
flaps lacks macrohairs (i.e., is abaxial) on the inner surfaces
toward the midrib and has macrohairs (i.e., is adaxial) on the
outer surfaces that are continuous with the adaxial surface of the
normal leaf lamina (Figure 8F). The switch in leaf polarity includes
the internal layers of the leaf as well (Figure 9). In the wild type, the

midrib contains large clear cells on the adaxial side of the
vasculature and small sclerenchyma cells on the abaxial side. In
ig1-mum flag leaves, the cells immediately adaxial to the midvein
between the two ectopic leaf flaps are sclerenchyma cells typical
of the abaxial side of the wild-type leaf, and the adaxial clear cells
are absent. The polarity of the vascular bundle in the midrib is not
affected. In wild-type leaves, the phloem is located on the abaxial
side and the xylem is located on the adaxial side of the veins, and
the polarity of cell types within the midvein is normal in ig7-mum.
Just outside of the two leaf flaps, polarity is normal, with the clear
cells present on the adaxial side. Therefore, the leaf flaps appear
to be bordered by adaxial tissue on the marginal side and abaxial
tissue on the midrib side. The vascular bundles in the leaf flaps
also show the same polarity as the macrohairs on the surface. In
the ig7-mum leaf flaps, the abaxial phloem cells are on the midrib
side and the adaxial xylem cells are on the margin side.

This morphology has been seen in other leaf polarity mutants,
such as phantastica in snapdragon (Antirrhinum majus), in which
ectopic leaf flaps form at the juxtaposition of adaxial and abaxial
tissues (Waites and Hudson, 1995). as2 loss-of-function mutants
in Arabidopsis have also been shown to have polarity defects,
similar to ig7-mum, with abaxial tissue on the adaxial surfaces of
leaves, particularly in double mutants with either erecta or rna-
dependent rna polymerase6 (Xu et al., 2003; Li et al., 2005). In
approximately half of the ig7-mum leaves that have these leaf
flaps, the abaxial side of the midrib opposite the flaps has a file of
epidermal hairs (i.e., is adaxial in character), demonstrating a
switch of leaf epidermal identity rather than the duplication of
abaxial identity in as2 mutants or of adaxial identity in dominant
phabulosa1-d mutants (McConnell et al., 2001). Although this is
different from the affect of as2 in Arabidopsis, a similar difference
was seen between dominant polarity mutants in the maize rolled
leaf1 gene and those in its homologs in Arabidopsis, REVOLUTA
and PHABULOSA (Nelson et al., 2002; Juarez et al., 2004).

Expression of knox Genes in Embryo Sacs

The molecular identity of ig7 and the phenotype of ig7-mum
leaves suggested that the ig7 embryo sac phenotype may be
caused by ectopic expression of knox genes. To test this model,
embryo sacs were isolated from homozygous wild-type W23
plants and homozygous ig7-O W23 mutant plants. The W23
inbred background was chosen because of its strong expression
of the ig7-O mutant embryo sac phenotype. Ovules were hand-
dissected from developing ears and subjected to digestion with
cell wall-degrading enzymes. Embryo sacs were dissected out
of ovules with some nucellus cells still attached.

In the ovules used, wild-type embryo sacs had recently
cellularized and antipodal cells were not finished proliferating
(similar in stage to the embryo sacs shown in Figures 7D to 7H).

Figure 8. (continued).

(G) Knot protruding from the abaxial surface of an ig7-mum flag leaf, with anthocyanin and abaxial epidermal hairs typical of sheath tissue.
(H) Expression of knox genes in ig7-mum and rs2. PCR was performed on cDNA from the ligular region of a wild-type flag leaf (lane 1), the ligular region
of anig7-mum flag leaf (lane 2), the ligular region of wild-type seedling leaves (lane 3), the ligular region of rs2 seedling leaves (lane 4), ear primordia (lane

5), or genomic DNA (lane 6).
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Figure 9. Polarity Defects in ig7 Flag Leaves.

(A) Midrib of a wild-type flag leaf. The arrowhead points to abaxial
sclerenchyma.

(B) Midrib and flaps of an ig7-mum flag leaf. Arrowheads point to abaxial
and adaxial sclerenchyma.

(C) Normal leaf margin. Arrowhead points to marginal sclerenchyma.
(D) Margin of an ig7-mum leaf flap. Arrowhead points to marginal
sclerenchyma.

(E) Model of adaxial and abaxial domains in wild-type and ig7 leaves.
cc, clear cells; ph, phloem; x, xylem. Bars = 150 pm.

The ig7-O embryo sacs from similarly staged ovules were much
more variable in size and developmental stage. Three replicates
were isolated for each genotype, and each replicate contained
13 to 15 embryo sacs. Because of the small amount of RNA
isolated from each sample, linear amplification of RNA was
performed before quantitative real-time RT-PCR. As a positive
control for the ability to detect RNA after linear amplification for
each of the primer combinations used, RNA from rs2 leaves and
5-cm-long wild-type ears used previously and shown in Figure 8
was also subjected to linear amplification and RT-PCR in the
same manner as the embryo sac samples. PCRs were repeated
at least three times for each pair of PCR primers for each sample.
Quantitative real-time PCR was terminated after 61 cycles.

ig1 Encodes a LOB Domain Protein 57

By the end of each run, cDNAs of ubi (data not shown) as well
asactini (act1) and knox6 (a class Il knox gene) (Figure 10A) were
detected in all embryo sac samples. A second actin gene termed
act2 was consistently expressed in wild-type embryo sacs but
was rarely detected in ig7-O mutant embryo sacs. Most class |
knox genes were not consistently amplified from either wild-type
or ig1-O embryo sacs. kn1, gn1, Ig4a/b, and knox10 were never
detected in any embryo sac samples. rs1, Ig3, and knox3 were
seen in only a few PCR samples (2 of the 9 to 12 replicates) after
61 cycles, and forrs7 and /g3 only in the wild type. The only class |
knox gene consistently detected in either wild-type or ig7-O
embryo sacs was knox8. Interestingly, knox8 RNA levels were
greatly reduced in ig7-O embryo sacs compared with wild-type
sacs. No knox genes were overexpressed in ig7-O embryo sacs.
Additionally, the organ polarity gene rolled leaf1 was examined in
these samples and detected in all mutant and wild-type samples.
Expression of kn1 and /g3 was also examined in sections of wild-
type and ig7-O embryo sacs using immunolocalization and in
situ hybridization, respectively. Neither kn1 nor Ig3 showed any
difference in expression pattern between mutant and wild-type
embryo sacs before or after cellularization (data not shown).

Quantitative analysis was performed for all of the genes—act1,
knox6, rld1, act2, and knox8—that were consistently detected in
all wild-type samples. Multiple PCR replicates were performed
for each gene. All PCR replicates and biological samples of the
same genotype were averaged together and normalized to ubi
(Figure 10B). act1, knox6, and rld1 were expressed at similar
levels in ig7-O and wild-type embryo sacs. By contrast, there
was at least a 100-fold reduction in detectable act2 and knox8
message in ig7-O embryo sacs compared with wild-type sacs
at this stage. The effect of ig7 mutations on act2 and knox8 did
not occur in all tissues; mRNA levels of both genes were not
significantly different in whole 5-cm-long ear primordia of ig7-O
and ig7-mum homozygotes compared with wild-type primordia
(Figure 10C). Additionally, act2 expression was not altered in
ig1-mum flag leaves (Figure 8H).

DISCUSSION

The failure to limit proliferation in ig7 embryo sacs leads to a
variety of structural defects, including the production of extra
gametes and synergids. Additionally, the fertilization process is
frequently abnormal, producing seeds with haploid embryos and
embryos and endosperms derived from fertilization by different
pollen tubes. These late defects have often been interpreted as
resulting from the abnormal structure of ig7 embryo sacs rather
than from arequirement for ig7 in the female gametes per se. The
synergids are known to attract pollen tubes (Higashiyama et al.,
2001; Huck et al., 2003; Rotman et al., 2003; Marton et al., 2005),
and the presence of extra synergids may promote the entry of
extra pollen tubes into the embryo sac, leading to heterofertili-
zation. Alternatively, ig7 may directly prevent these abnormal
events by inhibiting embryogenesis in the egg cell until fertiliza-
tion and karyogamy occur.

Although the leaf phenotype of ig7 is incompletely penetrant,
the molecular identity of the gene, its expression pattern in lateral
organs of the flower, and the presence of the phenotype in
two independent alleles demonstrate that this phenotype is a
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Figure 10. Expression of Genes from Whole Embryo Sacs.

RNA was subjected to linear amplification and then used for quantitative real-time PCR.

(A) Products after the completion of real-time RT-PCR.

(B) Comparison of RNA levels of act2, knox8, act1, knox6, and rid1 in wild-type and ig7-O embryo sacs. Expression of ubi was used to normalize RNA
levels between samples. Expression is given relative to that of ig7-O. Because of the dramatic difference between ig7-O and wild-type embryo sacs for
act2 and knox8, these genes are compared using a log scale, whereas all others are presented on a linear scale.

(C) Relative levels of RNA of act2 and knox8 in developing wild-type, ig7-O, and ig7-mum ear primordia.

Error bars in (B) and (C) represent SE. The number of replicates is given in

consequence of mutation in ig7. Genetic background differ-
ences, coupled with the subtle phenotype in W23, could explain
why this phenotype had not been reported previously, although
it may also be dependent on certain growing conditions. The
incomplete penetrance of the leaf phenotype in a pure W23 line
demonstrates that this variability need not be caused by segre-
gation of modifiers but can re